Time-resolved luminescence spectra are also measured for Mo-doped PbWO 4 crystals.
I. INTRODUCTION
The Jahn-Teller (JT) effect is the intrinsic instability of an electronically degenerate complex against distortions that remove the degeneracy. Since the prediction of JT effect in 1937, 1) it has been extensively studied as a very general phenomenon in a wide variety of systems. 2, 3) A typical example of the JT effect is the impurity center of a heavy metal ion with an outermost shell of (ns) 2 configuration in alkali halides, in which the removal of the degeneracy of excited states results in a few minima of the adiabatic potential energy surfaces (APESs) in the configuration coordinate diagram. 4, 5) Another well-known example is the off-center self-trapped exciton (STE) in alkali halide crystals. 6) In alkali halides, the STE in its lowest triplet state with D 2h symmetry is unstable with respect to an axial displacement of the hole localized on two adjacent halogen ions, resulting in spontaneous relaxation to an off-center configuration having the C 2v local symmetry. This off-center instability of STEs is well explained in terms of the pseudo JT effect. 7, 8) Lead tungstate PbWO 4 (PWO) crystallizes in the scheelite structure, in which W ions are in tetrahedral O-cages isolated from each other and a Pb ion is surrounded by eight oxygen ions. The intrinsic luminescence peaking around 425 nm of PWO has drawn much attention as a promising candidate for scintillation detectors in high-energy particle physics 9, 10) and in positron emission tomography (PET) for medical diagnosis of cancers and other diseases. 11, 12) This blue luminescence is attributed to the radiative recombination of an STE localized at the tetrahedral (WO 4 ) 2− molecular ion. 13, 14) In an isolated (WO 4 ) 2− site with tetrahedral symmetry T d , four electronic states, two singlets and two triplets, are expected to result from the (t 1 ) 5 (e) 1 excited configuration:
15)
In general, it has been accepted 16) that the blue luminescence originates from the 3 T 1 and (or) 3 T 2 → 1 A 1 transition, which is allowed by the spin-orbit interaction with the high-lying singlet 1 T 1, 2 states. This model, however, does not take the JT effect into consideration. There are a few papers suggesting some influence of the JT effect on the triplet luminescence in tungstates. 17, 18) However, no clear experimental evidence for the JT effect has been reported so far, although Polak et al. 19) have regarded three-peaked structure in their luminescence spectra of PWO as a favorable manifestation of the JT effect.
A general theoretical approach to tetrahedral complexes with an excited state consisting of two closely lying triplet states was developed by Bacci et al. 20, 21) Such a level scheme is practically applicable to the luminescence process of STEs in tungstates. Assuming that the JT interaction is greater than the pseudo JT interaction, they showed that, when the JT effect is considered, the electronic structure of the triplet state becomes complex with a few adiabatic potential energy surfaces. This makes the STE luminescence spectrum composed of several emission bands. It would be very hard to resolve such a composite structure by ordinary luminescence measurements because of the strong spectral overlap of the respective emission bands.
In the present work, we have performed time-resolved luminescence measurements on 
II. EXPERIMENT
The single crystals used in the present experiments were prepared at the Materials Research Laboratory of Furukawa Co., Tsukuba. Raw powdered materials PbO and WO 3 of a purity of 99.99% were purified by the three-time recrystallization technique. The method using a platinum crucible. The sample was mounted on the copper holder in a vacuum nitrogen cryostat. The temperature of samples was monitored with a copper-constantan thermocouple, and was controlled within ± 2 K.
The fourth harmonic (266 nm; 7 ns) of a Q-switched Nd:YAG laser (Continuum Minilite II) was used as a pulsed light source, which corresponds to the above-gap excitation of PWO.
The laser power was approximately 50 mW cm −2 on the sample surface. Time-resolved luminescence spectra were observed by means of a Jobin-Yvon HR320 monochromator equipped with a gated ICCD camera (Hamamatsu C5909-06), with a spectral resolution of 10 nm. The temporal resolution was changed depending on the decay times of the emission bands. The luminescence spectra reported here were not corrected for the spectral response of the detection system; in fact, it is not so dependent on the wavelength in the spectral region of interest. Consequently, the band III is completely masked by the band II at 150 K. It is to be noted that the time-integrated luminescence spectrum at 300 K has a peak at around 425 nm, which is blue-shifted by about 10 nm relative to that observed at 150 K or less.
III. RESULTS

Time
The emission intensity of the decomposed bands I, II, and III in undoped PWO was measured by changing τ D while keeping ∆t at a constant value. From this measurement, we got the decay curves of the respective bands separately. For the band II, it was found that the initial intensity at t = 0 is almost independent of the temperature. The decay kinetics of the main band peaking at 425 nm has been investigated under different power density of laser light in a wide temperature range 8−300 K.
23)
When the sample is excited by 266-nm photons with a low density (< 0.6 mW cm −2 ), the decay curve is well described by a single exponent at low temperatures, but the decay kinetics becomes non-exponential under high-density excitation (60 mW cm −2 ). The present experiments were performed under the condition of high-density excitation. The obtained values of τ f and τ m are fairly consistent with the previous results observed under high-density excitation by using a photomultiplier and an oscilloscope.
The slow component is by about 10 times longer than the previous value (5.6 µs). The present value seems to be more reliable, because the measurements were done in a wider range of time after the pulse excitation, owing to high sensitivity of the gated ICCD camera used. Temperature dependences of τ f , τ m , and τ s are presented in Fig. 3 . The decay times of all the components rapidly shorten above 150 K. It should be especially noticed that the value of τ s decreases from 70 µs at 77 K to 50 µs at 150 K to 2 µs at 230 K and eventually to 0.2 µs at 300 K. The band III decays single-exponentially, with a decay time τ = 8 ± 2 µs at 170 K, 2 ± 0.5 µs at 230 K, and 0.3 ± 0.1 µs at 300 K (see the inset in Fig. 5 ). The initial intensity of the band III extrapolated to t = 0 was almost constant when the temperature was increased from 170 to 300 K.
We also examined time-resolved luminescence spectra of Mo-doped PWO. The result at 300 K is shown in Fig. 6 , as a typical example. The fundamental characteristics of the time-resolved spectra of Mo-doped PWO are very similar to those of undoped PWO; that is to say, the three bands I, II, and III are well decomposed. A remarkable difference is found for the band IV, which corresponds to the longest-lived component. The band IV has a peak at around 480 nm in undoped PWO, while it has a peak around 540 nm in Mo-doped PWO. In this connection, the peak position of the time-integrated spectrum of Mo-doped PWO slightly red-shifts, accompanied by an enhanced long-wavelength tail, as compared to the time-integrated spectrum of undoped PWO ( Fig. 1(c) ).
IV. DISCUSSION
From Fig. 3 one can recognize that the central band II has a slow decay component of τ s ≈ 70 µs at low temperatures. The decay time τ s decreases sharply above 150 K. At 150 K, the value of τ s is comparable with the decay time of the band I, but still longer than the decay time of the band III. This is the reason why the band III is not observed in Fig. 1(a) . At T ≥ 230 K, the value of τ s becomes comparable with or shorter than the decay times of both bands I and III. As a result, the three emission bands I, II, and III are well resolved in Figs. 1(b) and 1(c). It is therefore concluded that the time-resolved measurements at T > 150 K are crucial to the successful observation of the composite nature of the triplet luminescence in PWO. In fact, no appreciable changes in spectral shape and peak position were observed at 77 K in the range of τ D = 0−1 ms.
Let us consider the origin of the three emission bands I, II, and III. The origin of the long-lived band IV will be discussed later. As mentioned in Introduction, the intrinsic luminescence of PWO is ascribed to the radiative decay of an STE localized at tetrahedral E sublevels.
The situation is illustrated schematically in Fig. 7(a) . In this figure, we cannot say anything about the energy ordering of each level from the group theoretical consideration.
The energy gap ∆ is expected to be very small, because, to a first approximation, the only difference between the 3 T 1 and 3 T 2 states is due to Coulomb integrals involving the 2p oxygen orbitals. 20) In such a case, the energy level scheme changes from (a) to (b) in Fig. 7 .
Consequently, it is supposed that the JT distortion of (WO 4 ) 2− ion results in three APESs of the triplet STE state. The STE luminescence of PWO would arise from the three minima of these APESs, leading to a luminescence band consisting of a triplet structure. This is consistent with the present observation of three emission bands I, II, and III. In Mo-doped samples, the same bands I, II, and III are also observed as shown in Fig. 6 , which is additional evidence for the intrinsic nature of these three emission bands.
We make in brief a quantitative comparison between the experiment and the theory. Mürk et al. 24) This suggests that the decay kinetics is "spoilt" by slow delayed recombination phenomena, resulting in the non-exponential decay due to the coexistence of prompt and delayed recombination processes. Another explanation is that the high-density excitation makes nonradiative Auger process of STEs possible, in which one STE recombines nonradiatively, and transfers its energy to another STE, which is consequently decomposed into a free electron and hole. The peak position of the time-integrated luminescence spectrum of PWO apparently shifts toward the short-wavelength side as T is increased. Such blue-shift is unusual in many luminescent systems, where the peak position rather red-shifts with increasing T The present peak shift is also understood in terms of the configuration coordinate diagram depicted in Fig. 8 . The central band II is dominant at low temperatures, but it decreases in intensity, as well as the band III, at T ≥ 170 K due to the thermal quenching. On the other hand, the intensity of the high-energy band I remains constant even at high temperatures, thus resulting in the blue-shift of the luminescence peak. Similar blue-shift of the triplet luminescence band with increasing T has also been observed in other tungstates such as CdWO 4 25) and CaWO 4 .
26)
It has been found 27) that the STE luminescence (probably, the main band II) of PWO shows an order of magnitude increase of the decay time at very low temperatures (T < 5 K).
This fact suggests the presence of a pair of closely spaced energy levels involved in the excited-state dynamics of (WO 4 ) 2− center. The energy distance δ separating both levels is estimated to be 0.45 meV. The origin of these two states has not been discussed in Ref. 27 .
Based on the present work, we suppose that they may correspond to the nearly degenerate 3 A 2 and 3 E sublevels shown in Fig. 7(b) . The 3 A 2 and 3 E states are accidentally degenerate for ∆ = 0, 20) but such degeneracy might be lifted by some perturbation such as the crystal field. If so, the magnitude of the energy separation δ is expected to be sensitively dependent on the crystal structure of tungstates. This expectation is supported by the recent experiment by Babin et al., 28) who investigated the luminescence decay kinetics of scheelite-structured PWO and wolframite-structured CdWO 4 in the range of T = 0.4−400 K and revealed that the value of δ in wolframite is 3−4 times as large as that in scheelite.
As reviewed by Nikl, 14) some papers have been reported on the origin of the long-lived band IV in PWO. There is a consensus that this luminescence is extrinsic feature of PWO and arises from the radiative recombination of relaxed excitons perturbed by nearby lattice imperfections. The nature of the lattice imperfection has still been unclear, however.
There are four proposals for the imperfection: (i) oxygen-deficient center WO 3 , possibly with F center nearby, 10, 13) (ii) local raspite-type distortion, 29, 30) (iii) complex center Pb 3+ −(WO 4 ) 3− , 31) and (iv) Mo impurity center (MoO 4 ) 2− . 32−34) In the present experiment, we observed the long-lived band IV in Mo-doped PWO, as well. This band is undoubtedly ascribed to the excitons localized at (MoO 4 ) 2− centers in PWO. 35, 36) It is interesting to note that the peak position of the band IV in undoped PWO clearly differs from that in Mo-doped PWO. Such a difference distinctly rules out the proposal (iv). The present result says nothing as to which of the other three is correct, though there is a recent paper claiming that the proposal (ii) is improbable.
28)
The nature of the imperfection responsible for the green band IV in PWO is an open problem to be solved in the near future.
V. SUMMARY
From the present experiment, we got clear evidence that the JT effect plays a significant 
